Abstract. We statistically analyzed severe magnetic fluctuations in the nightside near-Earth plasma sheet at 6-12 R E (Earth radii; 1 R E = 6371 km), because they are important for non-magnetohydrodynamics (non-MHD) effects in the magnetotail and are considered to be necessary for current disruption in the inside-out substorm model. We used magnetic field data from 2013 and 2014 obtained by the Time History of Events and Macroscale Interactions during Substorms E (THEMIS-E) satellite (sampling rate: 4 Hz). A total of 1283 severe magnetic fluctuation events were identified that satisfied the criteria σ B /B > 0.5, where σ B and B are the standard deviation and the average value of magnetic field intensity during the time interval of the local proton gyroperiod, respectively. We found that the occurrence rates of severe fluctuation events are 0.00118, 0.00899, and 0.0238 % at 6-8, 8-10, and 10-12 R E , respectively, and most events last for no more than 15 s. From these occurrence rates, we estimated the possible scale sizes of current disruption by severe magnetic fluctuations as 3.83 R E 3 by assuming that four substorms with 5 min intervals of current disruption occur every day. The fluctuation events occurred most frequently at the Z GSM (Z distance in the geocentric solar magnetospheric coordinate system) close to the model neutral sheet within 0.2 R E . Most events occur in association with sudden decreases in the auroral electrojet lower (AL) index and magnetic field dipolarization, indicating that they are related to substorms. Sixty-two percent of magnetic fluctuation events were accompanied by ion flow with velocity V > 100 km s −1 , indicating that the violation of ion gyromotion tends to occur during high-speed flow in the near-Earth plasma sheet. The superposed epoch analysis also indicated that the flow speed increases before the severe magnetic fluctuations. We discuss how both the inside-out and outside-in substorm models can explain this increase in flow speeds before magnetic fluctuation events.
Introduction
Substorms, which are important geomagnetic and auroral disturbances with timescales of 2 to 3 h, were first identified by Akasofu (1964) . The detailed description of substorms in that paper triggered a tremendous upsurge in related studies. Our understanding of substorms and their onsets has dramatically changed in the past few decades. As one approach to understand substorm onset, magnetic fluctuation is regarded as one possible instability to trigger substorms in the inner magnetosphere. Takahashi et al. (1987) reported strong magnetic fluctuations in the magnetotail at |X| = 8 R E (Earth radii; 1 R E = 6371 km). They showed magnetic field fluctuations in amplitudes from 10 nT to more than 40 nT. Ohtani et al. (1995) pointed out that the typical timescale of these magnetic fluctuations is several times the proton gyroperiod. The research on magnetic fluctuations in the inner magnetosphere is accompanied by our progressing understanding of substorms.
After the identification of auroral substorms, many studies were conducted using ground-based magnetometers and allsky cameras. With the development of space technology, an increasing amount of satellite data has also become available for scientific research. Hones (1973) showed an important finding of both tailward and earthward plasma flows in the magnetotail, which suggests the formation of two magnetic neutral lines located near the Earth and far away in the tail. This study and related works formed the near-Earth neutral line (NENL) model of substorms (e.g., Baker et al., 1996; Shiokawa et al., 1997 Shiokawa et al., , 1998 . Shiokawa et al. (1997 Shiokawa et al. ( , 1998 clarified the time sequence of substorm-related phenomena. From the appearance of a new X-type near-Earth neutral line, the eventual formation of a substorm current wedge resulted from earthward bursty bulk flow (BBF) and auroral initial brightening at the flow braking point. These ideas about the time sequences of substorm-related phenomena in the magnetotail eventually became the outside-in model.
Some researchers have focused on current disruption in the near-Earth tail rather than magnetic reconnection when exploring the origin of substorms (Lui, 2001) . Lui et al. (1990) pointed out that kinetic cross-field instability can occur in the near-Earth tail before the substorm expansion phase. This instability can cause the formation of a substorm current wedge by reducing the cross-tail current. Lui (1991a, b) proposed a synthetic model in which instabilities in the nearEarth magnetotail may be the initial trigger of substorms. Some substorm-related features, including pseudo-breakups and the localized region of substorm initiation, could be explained by this model (Lui et al., 1991) . These ideas came to be known as the inside-out model.
The formation of a new near-Earth neutral line (outside-in model) and current disruption in the near-Earth tail (insideout model) have become the two dominant approaches when considering substorm onset. Recognizing the importance of both down-tail and near-Earth activities may become a feasible approach in future studies (Henderson, 2009) . For both of these two approaches, magnetic fluctuations in the nearEarth tail are involved as a phenomenon that requires more research. Ohtani et al. (1995 Ohtani et al. ( , 1998 used Active Magnetospheric Particle Tracer Explorers/Charge Composition Explorer (AMPTE/CCE) data and fractal analysis to investigate substorm-related magnetic fluctuations, which are considered to be strongly related to plasma instabilities and current disruption. Ono et al. (2009) pointed out that during magnetic field dipolarization, ions in the near-Earth plasma sheet are non-adiabatically accelerated due to the induced electric field by these magnetic fluctuations. Nosé et al. (2010) revealed that dipolarization is accompanied by the appearance of magnetic fluctuations with a timescale of 3-5 s.
The importance of studying these magnetic fluctuations in the inner magnetotail also lies in the fact that they are strongly related to non-magnetohydrodynamics (non-MHD) processes in the magnetotail, during which the kinetic effect of ions plays an important role (Consolini et al., 2005) . From the beginning of its development, MHD simulation has been a useful tool to study plasma in the magnetotail. Birn et al. (1996) used resistive MHD simulations to investigate the current disruption and diversion properties. By using a global MHD magnetosphere model, Wiltberger et al. (2000) unveiled many fast flow channels in the magnetotail with plasma and magnetic field properties that are consistent with observations conducted by Angelopoulos et al. (1992) . On the other hand, Lui and Najmi (1997) showed that during the current disruption, the spectrum of accompanied magnetic fluctuations becomes intermittently broad, covering timescales from below to above the ion gyroperiod.
In such a particular circumstance, the collapse of the MHD condition causes continuous challenges for the study of magnetotail dynamics. Despite the above various importance of magnetic field fluctuations for the dynamics of the magnetosphere, to our knowledge, there have been no comprehensive statistical analyses of magnetic fluctuations in the near-Earth plasma sheet. In this study, we conducted a statistical analysis of occurrence rate and substorm-related properties of severe magnetic fluctuations at periods shorter than the local ion gyroperiod in the near-Earth plasma sheet.
Data set and method of analysis
In this study, we used 2-year magnetic field data from 2013 and 2014 (sampling rate: 4 Hz) obtained by the fluxgate magnetometer (FGM; Auster et al., 2008) aboard the Time History of Events and Macroscale Interactions during Substorms E (THEMIS-E) satellite (Angelopoulos, 2008) . The plasma flow data were obtained by the electrostatic analyzer (ESA) aboard the same THEMIS-E satellite (McFadden et al., 2008) . Figure 1 shows the region we chose for our analysis, which is located in the near-Earth tail at (−9 ± 3, ±5, ±3) R E in the geocentric solar magnetospheric (GSM) coordinate system. This region is most likely related to magnetic fluctuations that trigger substorms (e.g., Lui et al., 1991; Ohtani et al., 1995) . Furthermore, we divided this region into three subregions because we expected to observe some distance-related phenomena in the tail. Figure 2 shows the two-step calculation we used to identify severe magnetic fluctuation events. In the first step, we calculated the average background magnetic field intensity (B) for a 1 s time interval (shown in light blue rectangle in Fig. 2a) . Then, we calculated the local gyroperiod of proton T g as
where T g , m p , and q are the gyroperiod, mass, and charge of the proton, respectively (Chen, 1983; Nathaniel et al., 2015) .
In the second step, we calculated the ratio R by
where σ B and B are the standard deviation and average value of magnetic field intensity for the time interval T g (shown as a yellow rectangle in Fig. 2b ; Hendricks and Robey, 1936) . This time interval T g used in the second step was calculated by Eq. (1). Then we moved to the next adjacent 1 s time interval (shown as a dark blue rectangle in Fig. 2c ) and applied the same two-step calculation. By repeating this calculation, those 1 s time intervals with R > 0.5 in the second step were defined as severe magnetic fluctuation events. Note that we calculated the ratio R based on every 1 s time interval from the original total magnetic field intensity data, and the time intervals of calculations in two steps (shown as a light blue rectangle in Fig. 2a and a yellow rectangle in Fig. 2b ) had the same central time. Using this criterion, we focused on the magnetic fluctuations that violate ion gyromotion, which may cause ion kinetic effects such as current disruption at the substorm onset. Since relatively long-lasting magnetic fluctuations are more relevant to substorm onset (Lui, 1991a) , we defined three continuous severe magnetic fluctuation events that happen within 10 min as a multiple-fluctuation event. In our calculation of the background magnetic field intensity during the first step, we abandoned the sections with B > 65.5 nT (= 2π m p /(4T s )q, where T s = 0.25 s is the sampling period of the magnetic field data) because we wanted to guarantee the reliability of the subsequent second step.
We should note that the present approach can include all kinds of magnetic fluctuations with large amplitudes comparable to or larger than the ambient magnetic field intensity and with periods shorter than the local ion gyroperiod. It can contain both incoherent structures, such as current disrup- tions caused by waves and instabilities, and coherent structures, such as sharp magnetic field change during dipolarization fronts (e.g., Runov et al., 2011) or the flapping of plasma sheet. Thus, the occurrence rates calculated by our criteria demonstrate the maximum values of the severe magnetic fluctuations caused by instabilities.
3 Analysis and discussion 3.1 Fluctuation events and occurrence rate For 99 % of the severe magnetic fluctuation events, the plasma beta values were greater than 1 (21 % were between 1 and 10, and 78 % were greater than 10), indicating that they were located in the plasma sheet (e.g., Baumjohann et al., 1990; Schmid et al., 2011) . Figure 5 shows the distribution of the duration time of these severe magnetic fluctuations. The duration was defined as the length of time during which the 1 s severe magnetic fluctuation events occurred sequentially. Nearly all fluctuations had duration times of less than 15 s, with one exception (24 s).
We estimated the occurrence rates of severe magnetic fluctuation events and multiple-fluctuation events for each subregion in the tail and for the entire region by calculating the ratio between the duration time of events and the total observation time taken for the corresponding region. For example, the occurrence rate of severe magnetic fluctuation events for Region A was calculated as 19 s/1 608 118 s = 0.00118 %. Table 1 shows the estimated occurrence rates for the three subregions. The occurrence rates of severe magnetic fluctuation events are 0.00118, 0.00899, and 0.0238 % at |X| = 6-8, 8-10, and 10-12 R E , respectively. The occurrence rates also show a tendency in decrease when the satellite location becomes closer to the Earth.
The occurrence rates of severe magnetic fluctuations calculated for multiple-fluctuation events are also shown in brackets in Table 1 (0.114, 0.620, and 1.15 % for Region A, Region B, and Region C, respectively). In this case, we utilized the 10 min time interval used in the definition of a multiple-fluctuation event as the numerator and the observation time of satellite as the denominator. We set the time of the first severe magnetic fluctuation event that belongs to one multiple-fluctuation event as the start time and accumulated the following 10 min time interval in the calculation of the occurrence rate. We removed the overlapped time interval between two adjacent multiple-fluctuation events (10 min time intervals).
Using these occurrence rates of severe magnetic fluctuation, we made two estimations. Firstly, magnetic fluctuation is considered as one possible trigger mechanism for current disruption and substorm onset in the inside-out substorm model. According to Borovsky et al. (1993) , an average of four substorms occur every day. If we assume that all the substorms are accompanied by a 5 min current disruption (magnetic fluctuation with a duration time of 5 min; e.g., Takahashi et al., 1987; Lui, 1991b) , the ratio between the current disruption time (5 min × 4 = 20 min) and the total time in a day (1440 min) is about 1.4 %. From Table 1 , we calculated the occurrence rate of severe magnetic fluctuations for the entire region (0.0149 %). Considering the inside-out substorm model, our results may indicate that approximately 1 % (= 0.0149/1.4) of all substorms are caused by severe magnetic fluctuations.
However, the above estimation of 1 % contains the assumption that the current disruption occurs everywhere in the plasma sheet observed by the satellite. If we consider the possibility of localization of current disruption in a small region, which is more likely to occur, we would miss a lot of severe magnetic fluctuation events during the satellite measurement. Then if we assume that all the substorms are caused by the severe magnetic fluctuations, we can estimate the scale size of the current disruption region from the ratio between the occurrence rate of the observed severe magnetic fluctuations (0.0149 %) and the occurrence rate of substorms (1.4 %). The estimated scale size of current disruption is about 3.83 R E 3 for the entire region (= 6R E × 10 R E × 6R E × 0.0149/1.4). This value seems to be a reasonable scale size for current disruption at substorm onset in the near-Earth plasma sheet, considering, for example, the scale size of bursty bulk flow (2-3 R E in the dawndusk direction and 1.5-2 R E in the north-south direction; Nakamura et al., 2004) . As shown in Table 1 , similar estimations indicate that such localized volumes are 0.3 R E 3 (= 2 R E × 10 R E × 6 R E × 3 × 0.00118/1.4) for Region A (|X| = 6-8 R E ), 2.31 R E 3 for Region B (|X| = 8-10 R E ), and 6.12 R E 3 for Region C (|X| = 10-12 R E ). In order to check the dependence of the occurrence rate of magnetic fluctuations on their amplitudes, we show the occurrence rate of magnetic fluctuation events by changing the selection criterion to R > 0.2 in Table 2 . In this case, we obtained occurrence rates of fluctuation events nearly 10 times higher than those in Table 1 with R > 0.5. This indicates that the occurrence of magnetic fluctuation events significantly decreases as their amplitudes become larger and approach the level to affect the ion gyromotion.
It should be noted that there is ambiguity in the relative locations of these fluctuation events with respect to the center of the plasma sheet in the Z GSM direction. In the inside-out model, magnetic fluctuations that occur in the neutral sheet (that locate at the center of the plasma sheet) are regarded as one origin of current disruption (Lui et al., 1990) . The estimation of the occurrence rate of substorm-related severe magnetic fluctuations would be affected by this ambiguity. In order to investigate this point, in the next subsection we calculated the distance from the model neutral sheet to the location of these fluctuation events.
Distance to the T01-based neutral sheet
We used the empirical Tsyganenko magnetospheric magnetic field model (T01) to evaluate the distance between fluctuation event locations and the varying neutral sheet (Tsyganenko, 2002a, b) . This model is useful and valid at |X| ≤ 15R E in the inner magnetosphere, which includes the region studied herein. We first defined the Z GSM position of the neutral sheet as the location where the T01-based magnetospheric B x changes its sign for a given position (X GSM , Y GSM ). Then, we measured the Z NS (Z GSM distance from the satellite position to the neutral sheet) for each of the 1283 severe magnetic fluctuation events. We found that the values of Z NS were less than 1 R E for all severe magnetic fluctuation events except for 38 excluded events due to the lack of solar wind data necessary for the T01 model. Next, we calculated the spatial distributions of the occurrence rates of severe magnetic fluctuation events in the GSM-XY and X GSM -Z NS planes.
Note that in order to calculate the spatial distributions of the occurrence rates, we first needed to calculate Z NS for all the observation time intervals from 2013 and 2014. To calculate the G1 and G2 parameters, which indicate the 1 h prehistory state of the solar wind in the T01 model, we used the solar wind and interplanetary magnetic field (IMF) data for 12 intervals of 5 min (1 h duration) before the observation times or event times and then calculated 1 h averages. However, for 9 % of the observation times, valid solar wind or IMF data were not available, and we excluded those times. If the 5 min interval data were incomplete during the 1 h interval, we used the average of the 5 min interval data available to calculate the G1 and G2 parameters. Figure 6 shows the spatial distributions of (a) the number of severe magnetic fluctuation events, (b) observation times when the satellite was in the given GSM-XY bin, and (c) the occurrence rates of the fluctuation events normalized by the observation times in the GSM-XY plane. The biggest occurrence rate (0.1100 %) locates at the dawn side at |X| = 11-12 R E , although the typical location of substorm dipolarization and bursty bulk flow in the tail is considered to be at the dusk side of the tail (Nagai, 1991; Angelopoulos et al., 1994) . Figure 7 shows the spatial distributions of (a) the number of severe magnetic fluctuation events, (b) observation times, and (c) the occurrence rates of the fluctuation events normalized by the observation times in the plane of GSM-X and Z NS . The biggest occurrence rate (0.1105 %) locates at |X| = 11-12 R E , corresponding to a short distance to the neutral sheet at Z NS < 0.2 R E . In this narrow region within 1 R E of Z NS , the occurrence rate of severe magnetic fluctuation events tends to increase when it becomes closer to the neutral sheet. The occurrence rate of magnetic fluctuations is highest at the neutral sheet, which is consistent with the basic idea of the inside-out model. Figure 8 shows the occurrence rates of severe magnetic fluctuation events with distance Z NS to the neutral sheet for the three subregions. We found that they occur most fre- quently in Region C (|X| = 10-12 R E ), and the highest occurrence rate in Region C is 0.1526 % at Z NS < 0.2 R E .
Superposed epoch analysis of the AL index and magnetic field variations
The auroral electrojet lower (AL) index is often used to indicate the occurrence of substorms (e.g, Shiokawa and Yumoto, 1993) . In the calculation of the auroral electrojet (AE) index, the lower envelope of the north-south H -component perturbations observed at a series of stations near the auroral zone is named as the AL index (Davis and Sugiura, 1966) . The AL index indicates the strength of the westward electrojet because westward current causes negative H -component perturbation. Nishida (1968) pointed out that there is no clear relationship between the AE index and substorm onsets, while the AL index is relatively closer to the substorm activity. Figure 9 shows the superposed epoch analysis of the AL index 1 h before and after the time of severe magnetic fluctuation events. A clear decrease in the AL index around the event time can be observed, suggesting that the fluctuation events occurred near the onset or during the expansion phase of substorms. This indicates that either (1) these severe magnetic fluctuation events are the cause of substorms, or (2) these magnetic fluctuations result from the substorms. Figure 10 shows the superposed epoch analysis of magnetic field variations 1 h before and after the time of severe magnetic fluctuation events. A clear decrease in |B x | and an increase in B z after the fluctuation events are seen in Fig. 10b and d, respectively. These results indicate magnetic dipolarization during the fluctuation events (e.g., Baumjohann et al., 1999; Shiokawa et al., 2005b) . be selected out easily. The decrease in B z at the time of dipolarization has been previously reported and was attributed to the explosive growth phase (Ohtani et al., 1992) , magnetic flux ropes (Slavin et al., 2003) , nightside flux transfer events (NFTEs; Sergeev et al., 1992) , B y field accumulation at the flow front (Hashimoto et al., 2005) , current disruption or substorm current wedge (Shiokawa et al., 2005b ) and the dawnward currents because of reflection ions by the dipolarization front (Pan et al., 2015) .
Comparison with plasma flow data
The relationship between magnetic fluctuation and fast plasma flows in the near-Earth plasma sheet has been previously studied (e.g., Bauer et al., 1995; Vörös et al., 2004;  0-100 100 -200 200-300 300-400 > 400
Ion velocity (km s Shiokawa et al., 2005a) . Using superposed epoch analysis, Frühauff and Glassmeier (2016) recently showed the characteristics of fast flows and related magnetic disturbances in the magnetotail. They revealed that during the entire flow burst timescale, the directions of minimum magnetic field variations are perpendicular to the main flow and the background magnetic field directions. In this section, in order to investigate the relationship between severe magnetic fluctuation events and high-speed ion flow, we compared magnetic fluctuation events with plasma data obtained by the THEMIS-E satellite. Figure 11 shows the distribution of 10 s averaged ion velocities V at the time of all severe magnetic fluctuation events. We found that 62 % of events are accompanied by ion flow with V > 100 km s −1 . This fact indicates that the violation of ion gyromotion tends to occur during highspeed flow in the near-Earth plasma sheet. We also checked the sign of V x (V x is the X-component of ion velocity in the GSM coordinate system) and found that 77 % of ion flows are earthward. These results suggest that either (1) the severe magnetic fluctuations are caused by high-speed ion flow, or (2) the fluctuations cause earthward ion flow by reducing the tailward pressure-gradient force due to current disruption, as suggested by the inside-out model. For case 2, the flow should be observed after the magnetic fluctuations. Figure 12 shows the superposed epoch analysis of ion flow velocities 1 h before and after the time of severe magnetic fluctuation events. We can observe an increase in ion velocity from ∼ 10 min before the epoch time. This likely indicates that the high-speed ion flow causes the magnetic fluctuations (case 1).
To determine whether the magnetic fluctuation can cause the high-speed ion flow (case 2), we made some further adjustments. First, we calculated the average ion velocity at 0-1 min before the time of severe magnetic fluctuation events and then selected those events with a 1 min averaged ion ve- locity greater than the ion velocity at the event time. The superposed epoch analysis of ion velocity 1 h before and after the event time for the selected 698 events is shown in Fig. 13a , from which we can observe an increase in ion flow velocity before the event time. Figure 13b shows the superposed epoch analysis for 303 selected events with an averaged velocity at 0-10 min before the event time greater than the velocity at the event time. Again, we cannot observe an increase in ion flow velocity after the event time. Figure 13c and d are similar superposed epoch plots of ion velocity 1 h before and after the event time for those events with averaged ion velocities at 0-1 and 0-10 min after the event time greater than the velocities at the event time, respectively. In these two plots, enhancements in ion flow velocity are observed after the event time. However, these events are fewer in number (only 118 and 70 events, respectively), and the amplitudes of the velocity enhancements are relatively small. As a result, Fig. 13a-c show clear increases in the ion velocity before the severe magnetic fluctuation events, which indicates that for most cases the severe magnetic fluctuations cannot be the cause of the high-speed plasma flow.
Here, we should further discuss the increase in plasma flow speed before the magnetic fluctuation. Before the present severe magnetic fluctuation event observed by the satellite, another current disruption (severe magnetic fluctuation) may occur at the tailward side of the satellite because the thinned plasma sheet can be unstable everywhere at the end of the growth phase of substorms. Then, the former current disruption can cause the observed increase in earthward plasma flow before the time of the present magnetic fluctuation event. However, we believe that such a possibility is unlikely because the earthward flow is generally accompanied by the dipolar magnetic field that stabilizes the plasma instability due to the thinning of the plasma sheet. Thus, if the plasma instability that causes the current disruption is caused by the thinning of the plasma sheet, the present observation of flow enhancement before the magnetic fluctuation (current disruption) contradicts the idea that the earthward flow is caused by the current disruption. On the contrary, another severe magnetic fluctuation may also occur at the earthward side of the satellite. The current disruption due to severe magnetic fluctuations can cause subsequent current disruptions to happen from the present site to more tailward locations, even without additional instabilities. That is, the earthward plasma flow associated with the current disruption causes depletion of the tailward pressure-gradient force at the site of the present plasma flow. This pressure decrease attracts plasma at the tailward side of the present location, causing the plasma to move earthward sequentially as a rarefaction wave (e.g., Haerendel, 1992; Hwang et al., 2014) . Considering that the plasma flow can cause severe magnetic fluctuations, the possibility that the satellite detects the first current disruption (severe magnetic fluctuation) without plasma flow may become smaller. In that sense, we cannot deny the possibility that the current disruption in the inside-out model caused only the first earthward flow, and other earthward flows and associated severe magnetic fluctuations occur subsequently. Then the number of the severe magnetic fluctuation events after the flow may become dominant, as observed in Figs. 12 and 13.
Conclusions
We used magnetic field data from 2013 and 2014 obtained by THEMIS-E at a sampling rate of 4 Hz to analyze severe magnetic fluctuation events. In total, 1283 severe magnetic fluctuation events were identified with R = σ B /B > 0.5, where σ B and B are the standard deviation and the average value of magnetic field intensity during the time interval of the local proton gyroperiod. Ninety-nine percent of the fluctuation events had plasma beta values of more than 1, indicating that they occurred in the plasma sheet. The results of the present study can be summarized as follows.
1. The occurrence rates of severe magnetic fluctuation events in the near-Earth plasma sheet (|X| = 6-12 R E ) are 0.00118, 0.00899 and 0.0238 % at |X| = 6-8, 8-10, and 10-12 R E , respectively. Severe magnetic fluctuations occur most frequently in Region C (|X| = 10-12 R E ). The durations of most fluctuation events are less than 15 s. By assuming that four substorms with 5 min intervals of current disruption occur every day, we estimated the possible scale sizes of current disruption by severe magnetic fluctuations as 3.83 R E 3 (0.3, 2.31, and 6.12 R E 3 at |X| = 6-8, 8-10, and 10-12 R E , respectively). We also found that the occurrence of magnetic fluctuation events significantly decreases as their amplitude becomes larger from R > 0.2 to R > 0.5.
2. We found that all the distances from the location of fluctuation events to the T01-based neutral sheet are less than 1 R E . The bin with the highest occurrence rate of severe magnetic fluctuation events locates at |X| = 11-12 R E in the dawn side with a very close distance to the neutral sheet ( Z NS < 0.2 R E ). The occurrence rate is the highest at the neutral sheet, which is consistent with the basic idea of the inside-out model. 4. Sixty-two percent of severe magnetic fluctuation events are accompanied by ion flow velocity with V > 100 km s −1 . This fact indicates that the violation of ion gyromotion tends to occur during high-speed flow in the near-Earth plasma sheet. The superposed epoch analysis of ion flow velocity from 1 h before to 1 h after the time of severe magnetic fluctuation events shows an increase in ion velocity before the event time. We discuss how both the inside-out and outside-in substorm models can explain this increase in flow speeds before magnetic fluctuation events.
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